One contribution of 11 to a discussion meeting issue 'Organic semiconductor spintronics: utilizing triplet excitons in organic electronics' . The near-visible-to-blue singlet fluorescence of anthracene sensitized by a ruthenium chromophore with a long-lived triplet-excited state, [Ru(5-pyrenyl-1,10-phenanthroline) 3 ](PF 6 ) 2 , in acetonitrile was investigated. Low intensity non-coherent green light was used to selectively excite the sensitizer in the presence of micromolar concentrations of anthracene generating anti-Stokes, singlet fluorescence in the latter, even with incident power densities below 500 µW cm −2 . The resultant data are consistent with photon upconversion proceeding from sensitized triplet-triplet annihilation (TTA) of the anthracene acceptor molecules, confirmed through transient absorption spectroscopy as well as static and dynamic photoluminescence experiments. Additionally, quadratic-to-linear incident power regimes for the upconversion process were identified for this composition under monochromatic 488 nm excitation, consistent with a sensitized TTA mechanism ultimately producing the anti-Stokes emission characteristic of anthracene singlet fluorescence.
Introduction
Photon upconversion (UC) based on sensitized triplettriplet annihilation (TTA) was first introduced in the early 1960s by Parker & Hatchard [1, 2] . Since its inception, photon UC has been recognized as a viable technology for exceeding the ShockleyQueisser limit in photovoltaics by creating a mechanism through which sub-bandgap photons can be captured and converted into photocurrent [3] [4] [5] [6] [7] [8] [9] [10] [11] . Apart from that, a variety of potential applications for TTA upconversion have been proposed in the literature, e.g. bioimaging and biocompatible materials in aqueous environments [12] [13] [14] [15] [16] , cycloaddition chemistry using visible light excitation [17] and photoelectrochemical cells [18, 19] . The mechanism of photon UC through sensitized TTA proceeds using two sequential bimolecular energy transfers: (i) selective excitation of a strongly absorbing sensitizer chromophore that initiates triplet-triplet energy transfer (TTET) between the excited triplet sensitizer and a triplet acceptor moiety and (ii) TTA energy transfer between two triplet-excited acceptors. During the TTA step, one of the acceptor molecules transfers its energy to the other effectively promoting the latter to an excited singlet state that is higher in energy than the incident light resulting in P-type, anti-Stokes delayed fluorescence. Based on this mechanism, it is clear that there are specific energetic and kinetic requirements that enable photon UC to occur [20] [21] [22] [23] [24] . Namely, in most cases the triplet state of the acceptor must be lower in energy than the triplet state of the sensitizer and both triplet states must be long lived (e.g. microseconds) as the TTA process is bimolecular and relies on diffusional interactions; furthermore, the singlet state of the acceptor must be higher energy than the singlet state of the sensitizer, yet less than or equal to twice the energy of the triplet state of the acceptor (Scheme 1) [25, 26] . Thus, metalcontaining chromophores with long-lived triplet states make desirable triplet sensitizers because the energy and excited state lifetimes of the singlet and triplet states can be rationally tuned by ligand modification [27, 28] . Consequently, tremendous advancements have been achieved in photochemical upconversion by using metal-containing triplet sensitizers with a variety of organic-based triplet acceptors/annihilators in both fluid solution [20, 22, [29] [30] [31] [32] and various host matrices [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . The ultimate goal of this research is to maximize the efficiency of real-world solar powered devices by imparting sub-bandgap sensitization via integration of UC technology [8] [9] [10] 44, 45] . This change in cell design should reduce the drastic losses owing to spectral mismatch between various sensitizers and semiconductor bandgaps. However, there are several critical properties of these systems that must be optimized for this technology to be viable for incorporation into real-world applications. First, because the photon UC via sensitized TTA process occurs through diffusional, bimolecular chemistry, the measurement and improvement of the quantum efficiency in these systems becomes crucial [20, 22, 35, 46] . Second, in order to reap the greatest benefits from these compositions, it is necessary to maximize the anti-Stokes shift that can be achieved. Therefore, many research efforts have focused on investigating triplet sensitizers that absorb incident radiation in the visible and near-IR regions of the spectrum in combination with a variety of energetically relevant acceptors/annihilators [34, [47] [48] [49] [50] [51] . Finally, although TTA is inherently a non-coherent process which is of much higher efficiency than lanthanide upconverters, only a handful of studies have achieved detectable photon UC in the absence of laser excitation [7, 18, 33, 52, 53] . This premise inspired the present contribution, wherein we successfully demonstrate low-power, non-coherent, green-to-blue and near-visible photon UC using a ruthenium chromophore with a notably long-lived metal-to-ligand charge transfer (MLCT) triplet 2+ 3 , τ = 148 ± 8 µs) [54] , along with anthracene as the acceptor/annihilator in deoxygenated CH 3 CN solutions. Scheme 1 depicts the relevant energetics of the Ru(II) sensitizer and the anthracene acceptors/annihilators, wherein the sensitizer singlet/triplet states are strategically sandwiched between the singlet/triplet levels of the anthryl chromophores. This ensures the selective excitation of the sensitizer at long wavelengths and minimal spectral overlap of the anthryl singlet fluorescence with that of the low energy transitions of the MLCT sensitizer. The extended triplet-excited state lifetime of the Ru(II) complex results from a reservoir effect with the appended pyrenyl chromophores that effectively stores the excited state energy in the triplet state of pyrene that is in thermal equilibrium with the MLCT excited state responsible for its RT photoluminescence [55] . The net result is an excited state lifetime that is significantly longer than a typical Ru(II) MLCT chromophore, but shorter lived with respect to the pure triplet-excited state of pyrene, making it more susceptible to bimolecular chemistry such as TTET. A recent example of a lifetime extended Ru(II) chromophore used as a sensitizer in photochemical upconversion suggests the viability of the strategy outlined in Scheme 1 [56] .
Experimental section (a) General information
3 ) was available from our previous studies [57] . Anthracene and spectroscopic grade acetonitrile (CH 3 CN) were purchased from Aldrich Chemical Company and used as received.
(b) Spectroscopic measurements
The static absorption spectra were measured with a Cary 50 Bio UV-Vis spectrophotometer from Varian. Steady-state photoluminescence spectra were recorded using a QM-4/2006SE fluorescence spectrometer obtained from Photon Technologies Incorporated or a FL/FS920 spectrometer from Edinburgh Instruments. Excitation was achieved by an Argon ion laser (Coherent Innova 300) or a 450 W Xe arc lamp. The incident laser or lamp power was varied using a series of neutral density filters placed in front of the sample. Single wavelength emission intensity decays were acquired with a nitrogen-pumped broadband dye laser (2-3 nm fwhm) from PTI (model GL-3300 N 2 laser and model GL-301 dye laser) whose details have been previously described [29, 58] . Coumarin 450 was used to tune the unfocused, pulsed excitation beam for selectively exciting Ru(py-phen) 2+ 3 . All luminescence samples were prepared in specially designed 1 cm 2 optical cells each bearing a sidearm round bottom flask and were subjected to a minimum of three freeze-pump-thaw degas cycles prior to all measurements. The laser and lamp power were measured using either a Molectron Power Max 5200 power metre or an OphirNova II/PD300-UV power metre.
(c) Laser flash photolysis
Nanosecond-transient absorption measurements were acquired on a LP 920 laser flash photolysis system from Edinburgh Instruments equipped with a PMT (R928 Hamamatsu) or an Andor iStar iCCD detector. Excitation of the samples in these experiments was accomplished using a Nd:YAG/OPO laser system from OPOTEK (Vibrant 355 LD-UVM) operating at 1 Hz. The incident laser power was varied using a series of neutral density filters or by appropriately modifying the Q-switch delay.
Results and discussion
The normalized ground state absorption and emission characteristics of the Ru(py-phen) 2+ 3 sensitizer and the anthracene acceptor/annihilator were examined in CH 3 MLCT bands between 400 and 500 nm to generate long-lived phosphorescence at 600 nm. Unfortunately, significant overlap of the anthracene fluorescence signal and the MLCT region of the Ru(pyphen) 2+ 3 indicates that some of the resulting upconverted light will be lost to re-excitation of the sensitizer, which ultimately limits the potential quantum yields that can be extracted from this composition. The self-quenching of the Ru(py-phen) 2+ 3 sensitizer also shortens the lifetime from τ = 148 µs, measured under optically dilute conditions, to τ ≈ 50 µs measured under the conditions necessary for efficient UC, which is revealed in the K sv measurement discussed below.
As mentioned previously, the first step in the photon UC via sensitized TTA process is a TTET from two selectively excited sensitizer molecules to the triplet state of two anthryl acceptor molecules. Therefore, the quenching behaviour of the triplet-excited state of Ru(py-phen) Stern-Volmer quenching constant for this sensitizer-acceptor/annihilator pair, the luminescence intensity decay of Ru(py-phen) 2+ 3 was evaluated as a function of anthracene concentration in vacuum degassed CH 3 CN solution. Satisfactory fits were generated using a single exponential function for each of the decay curves obtained in these experiments, and luminescence lifetimes (τ ) were easily extracted from these fits. The lifetime values were used to generate the SternVolmer plot shown in figure 2 revealing a very large Stern-Volmer constant (K SV ) of 610 000 M −1 , which is consistent with the 50 µs lifetime of the sensitizer in the absence of anthryl quenchers, implying that extremely low acceptor concentrations are suitable for quantitative quenching of the MLCT sensitizer. As stated above the value of τ 0 here and used in the Stern-Volmer calculations is actually 50 µs as there is a significant amount of self-quenching (likely TTA between excited sensitizer molecules) that shortens the sensitizer lifetime but does not interfere with its ability to promote photochemical upconversion. This is clearly noted from the magnitude of the TTET rate constant of 1.2 × 10 10 M −1 s −1 extracted from the Stern-Volmer plot in figure 2b and τ 0 = 50 µs, which approaches the diffusion limit in this solvent [59] .
In order to verify that the observed luminescence quenching is indeed due to TTET, independent laser flash photolysis experiments were performed to elucidate the characteristic differences between the absorption transients associated with the Ru(py-phen) 2+ 3 sensitizer and the T 1 → T n transitions in the anthracene acceptor/annihilator. The transient absorption difference spectra of Ru(py-phen) 2+ 3 and anthracene independently measured as a function of delay time are presented in figure 3a,b. These spectra are directly compared with the transient absorption difference spectrum obtained from a mixed solution containing both Ru(py-phen) 2+ 3 and anthracene, presented in figure 3c. As can be seen when comparing figure 3a,c, the characteristic bleaching signal at long delay times associated with Ru(py-phen) 2+ 3 is no longer observable in the spectral signature obtained for the Ru(py-phen) limits exist in the sensitized TTA process; (i) the weak annihilation regime, in which the UC fluorescence intensity displays a characteristic quadratic dependence relative to incident light power because the rate of TTA is dependent on the first-order triplet decay of the acceptor/annihilator, typically limited by dissolved O 2 , and (ii) the strong annihilation regime, in which the UC fluorescence yield displays a linear dependence relative to incident light power because the UC fluorescence intensity is dominated by the second-order TTA process [23] . Recently, strategies have been presented that lead to strong annihilation behaviour at low incident photon flux wherein the upconversion efficiency is maximized [60] . In order to determine the power regimes of the weak and strong annihilation limits for this sensitizer/acceptor/annihilator combination, the intensity of the anthracene singlet fluorescence was measured as a function of incident power density after selective excitation of Ru(pyphen) 2+ 3 using a bandpass filtered 488 nm output from an Ar + laser. Figure 4 presents the double logarithmic plot generated from these experiments, which provides a good illustration of the changeover in the power law response occurring as a result of changes in kinetic regime dominating triplet state decay in the acceptor/annihilator. As anticipated, the slope of this plot was found to be 2.0 at low incident power, which indicates that the upconversion intensity has a quadratic dependence on the incident 488 nm laser power density. Upon increasing the incident photon flux on the sample, the plot deviates off this initial slope, a process that perpetuates until the sample ultimately achieves a slope of 1.0 at the highest incident power densities, illustrating that the photochemical upconversion process has reached the strong annihilation regime. As the goal of this project is to evaluate upconversion compositions intended for real-world solar photon capture and conversion devices, this sensitizer/acceptor/annihilator combination was tested using ultra-low non-coherent excitation on the micromolar concentration scale for sensitizer and acceptor/annihilator. Instead of exciting with the 488 nm line from an Ar + laser, a 450 W Xe arc lamp equipped with a monochromator was used to give excitation power densities from 70 µW cm −2 to 2.45 mW cm −2 at 480 nm. A 455 nm long pass filter was incorporated into the experimental set-up to avoid direct excitation of anthracene from lower monochromator diffraction orders. The power dependence of this sample using this non-coherent excitation source was evaluated, figure 5, clearly indicating quadratic power dependence. Although the anti-Stokes fluorescence intensity generated using these experimental conditions occurs in the weak annihilation limit, photochemical upconversion operating under such low-power excitation conditions (down to the µW cm −2 scale) is important with regard to future device integration. Ideally, devices incorporating photochemical upconversion technology are poised to exceed the Shockley-Queisser limit that is ultimately responsible for the major part of the thermodynamic efficiency losses in solar powered devices. 
Conclusion
The current photochemical upconversion composition demonstrated that selective long wavelength excitation of Ru(py-phen) 2+ 3 with both coherent and non-coherent photons in the presence of anthracene results in upconverted blue and near-visible emission in deareated CH 3 CN.The sensitized TTA process was confirmed using a variety of spectroscopic measurements including static and dynamic photoluminescence in addition to transient absorption spectroscopy. Non-coherent photons down to ultra-low intensities (on the order of µW cm −2 ) were used for selective sensitizer excitation in the presence of micromolar concentrations of anthracene, generating anti-Stokes singlet fluorescence in the latter. This combination of chromophores represents a viable combination to achieve sub-bandgap photon capture and conversion in wide-bandgap metal oxide semiconductors.
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